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Abundance of chemical elements in the stars provides important clues regarding galaxy formation. The 
most powerful diagnostics is the relative abundance of 𝛂-elements (O, Mg, Si, S, Ca, and Ti) with respect 
to iron (Fe), [𝛂/Fe], each of which is produced by different kinds of supernovae. The existence of two 
distinct groups of stars in the solar neighbourhood, one with high [𝛂/Fe] and another with low [𝛂/Fe], 
suggests that the stars in the solar vicinity have two different origins.1,2,3 However, the specific mechanism 
of the realization of this bimodality is unknown. Here, we show that the cold flow hypothesis recently 
proposed for the accretion process of primordial gas onto forming galaxies4 predicts two episodes of star 
formation separated by a hiatus 6-7 Gyr ago and naturally explains the observed chemical bimodality. 
We found that the first phase of star formation that forms high [𝛂/Fe] stars is caused by the ‘genuine’ 
cold flow, in which unheated primordial gas accretes to the galactic disk in a freefall fashion. The second 
episode of star formation that forms low [𝛂/Fe] stars is sustained by much slower gas accretion as the 
once-heated gas gradually cools by radiation. The cold flow hypothesis can also explain the large-scale 
variation in the abundance pattern observed in the Milky Way galaxy2 in terms of the spatial variation 
of gas accretion history. 
 
The chemical compositions of stars are a rich source of information regarding galaxy formation processes 
because they encode the chemical properties of the interstellar medium (ISM) from which stars form. 
Particularly widely used is the [α Fee  vs. [eeF]  diagram because α -elements and iron are produced and 
returned to the ISM with different timescales by two kinds of supernovae (SNe)1,2,3. The main provider of α-
elements is Type II SNe that inject synthesized elements into ISM, about 107  year after the stellar birth. Much 
debate exists regarding the progenitor of another Type Ia SNe.5 Nevertheless, the broad consensus is that the 
ejecta from Type Ia SNe is rich in iron and mixed into ISM with a much longer timescale, of the order of 1 Gyr 
after stellar birth. Therefore, generally, ISM has a high [αFee  just after star formation starts because only Type 
II SNe contribute in the early phase of chemical enrichment. ]owever, this ratio gradually decreases as iron 
begins to be supplied by retarded Type Ia SNe. 
 
The Milky Way galaxy (MW) provides a unique testbed for the chemical evolution model of galaxies because 
its individual stars can be resolved and examined in detail, which is impossible for most external galaxies. One 
remarkable and enigmatic feature of the stars in the solar neighbourhood is that there are two well-separated 
groups on the [αFee  vs. [eeF]  diagram1,2,3. One group is characterized by a high abundance ratio [αFee . The 
other has relatively low [αFee . One hypothesis proposed to explain this bimodality is the radial migration of 
stars in the MW disk.6 If the stars born in an inner region with more enhanced α-elements moved outward to 
the solar position, e.g., by the action of bar gravitational force, we will observe two populations with different 
chemical compositions. ]owever, the efficiency of this mechanism is unclear.7 Another possibility is that the 
star formation in the solar vicinity did not continuously proceed but halted for a certain period by some reason, 
leading to two separated episodes of star formation.8 
 
]ow the star formation proceeds is largely governed by how the primordial gas accretes onto the forming galaxy. 
The longstanding paradigm for accretion is that the gas that entered the dark matter halo is heated by a shock 
wave to a high temperature that provides sufficient pressure for the gas to maintain equilibrium within the halo 
gravitational field. Then, the gas cools by emitting radiation and gradually accretes to the forming galaxy at the 
center of the dark matter halo (shock-heating theory and hot-mode accretion).9  
 
Recently, a new hypothesis has been put forward that a significant part of the primordial gas remains cold when 
it enters the halo, and reaches the galaxy in narrow streams almost in a freefall fashion (cold flow theory).4,10 
This cold-mode accretion is prevalent in low-mass galaxies but appears even in massive galaxies in their early 
evolution phase. This hypothesis is invoked to explain the red color of massive elliptical galaxies, in 
combination with the action of energy feedback from active galactic nuclei.11 It also gives one possible 
interpretation for the high incidence of strongly star-forming galaxies at high redshifts.12 
 
To examine the differences these two theories bring about in the growing process of MW-like galaxies, we 
constructed a simple model of disk galaxy evolution in which a growing dark matter halo gathers the 
surrounding primordial gas, which subsequently accretes to the disk component of the galaxy and forms stars.13 
ISM is treated as a cold gas component contained in the disk. The shock-heating model is constructed by 
assuming that the gas is heated to the virial temperature when entering the host halo and accretes to the disk 
plane with the timescale of radiative cooling (or with the freefall time if the cooling time is shorter). The cold-
flow model is based on the Dekel-Birnboim model.4 It provides information on when a stable shock wave 
appears in the growing halo and the gas accretion changes from cold- to hot-mode. The gas is made to accrete 
with the freefall time in the initial cold-flow phase but with the shorter of the cooling time and the freefall time 
after the shock develops. The present virial mass of the galaxy is assumed to be 1.2 × 1012  𝑀⊙ .
14 eor this 
mass, the cold-flow model produces a stellar disk of 6 ×  1010 𝑀⊙ with a stellar scale length of 3.0 kpc in 
the present epoch, in broad agreement with the values estimated for the MW.15,16 
 
eig. 1 depicts the time evolution of the two models and the resulting [αFee  vs. [eeF]  diagram for the solar 
neighbourhood defined as an annulus with 7 kpc < R < 9 kpc, where R is the galactocentric radius. The bottom 
panels show that the cold-flow theory predicts a clear chemical bimodality, whereas the shock-heating model 
produces a single sequence on the [αFee  vs. [eeF]  diagram. The locations of the two stellar groups in the cold-
flow model agree with the observed ones.2 
 Figure 1. Time evolution and the [α/Fe] vs. [Fe/H] diagram of the models. 
Left and right columns refer to the cold-flow and shock-heating models, respectively. Upper panels: the rate of 
gas accretion (black), star formation (red), and Type Ia SNe (green; number per century) are plotted against the 
cosmological time.  Middle panels: Evolution of abundance ratios, [αF]  (red), [eeF]  (green), and [αFee  
(black). There is no accretion in the shaded period. Abundance ratio is the value relative to the solar value on 
the logarithmic scale. Solar abundances of (
α
H
) = 2.22 × 10−2   and (
Fe
H
) = 1.77 ×  10−3  are assumed.25 
Bottom panels: Distribution of stars in the [αFee  vs. [eeF]  diagram. The blue and red diamonds respectively 
indicate the approximate location of the peak of the high and low [αFee  sequences observed by APOGEE.2  
 
The existence of a quiescent period about 6 Gyr ago is an essential event that contributes to creating the well-
defined bimodality in the cold-flow model. In this period, star formation weakens, but Type Ia SNe explode 
frequently (upper panel, shaded region). During this period, [αFee  continues to decrease (middle panel), but 
only few stars are formed. The more fundamental cause is that gas accretion stops for a certain period during 
evolution.  
 
]ow this dormant period of accretion arises in the cold-flow model is clarified in eig.2. ]ere, 𝑡ent denotes the 
time at which the gas enters the dark matter halo. Therefore, eig.2 shows the time at which the gas that accretes 
to the disk at the current time T entered the halo. In the initial epoch (𝑡ent < 4.3 Gyr), the cooling time in the 
shock-heating model is shorter than the freefall time so that both models accrete gas in the same way. After 
𝑡ent ~ 4.3 Gyr, the gas continues to accrete with the freefall time in the cold-flow model, whereas gas accretion 
is delayed in the shock-heating model because the cooling time is longer than the freefall time. By 𝑇 ~ 7.3 Gyr, 
the cold-flow model accretes the gas which accretes by 𝑇 ~ 8.6 Gyr  in the shock-heating model. 
At 𝑡ent ~ 6.3 Gyr, the cold-mode ends, and the gas accretion is switched to the hot mode in the cold-flow model. 
Therefore, the gas that enters the halo after  𝑡ent ~ 6.3 Gyr, should wait until T ~ 8.6 Gyr before it accretes. 
This change of the accretion mode gives rise to a period in which accretion is halted (shaded period in eig.2). 
At T ~ 8.6 Gyr, accretion in the shock-heating model catches up with that in the cold-flow model, and the two 
models accrete the gas in the same way thereafter. 
 
 
Figure 2. Time of entering the dark matter halo as a function of arrival time to the disk. 
Blue and red lines indicate the cold-flow and shock-heating models, respectively. eor example, at the present 
epoch (T=14 Gyr), the gas that entered the halo at 𝑡ent ~ 8.7 Gyr is just accreting to the disk in both models. In 
the shaded period, no accretion occurs in the cold-flow model. 
 eig. 1 details the evolution of the cold-flow model. The first gas accretion induces a brief period of active star 
formation, and α-elements start to be immediately released by Type II SNe. This star formation is prompt and 
begins to weaken before a significant amount of iron starts to be supplied by Type Ia SNe. Therefore, most stars 
formed during this epoch have high [αFee .  During the subsequent quiescent period in which star formation 
weakens, Type Ia SN explosions start to dominate. Since the enrichment of α-elements is overtaken by iron 
enrichment, [αFee  in ISM decreases further. When the second gas accretion starts ~2 Gyr later and the star 
formation is activated again, [αFee  stops changing rapidly and stays almost constant thereafter. The stars formed 
in this second phase have lower [αFee  ratios by ~ 0.2 dex than the first-generation stars. Paucity of stars with 
intermediate [αFee  values (between two dotted lines in the middle panel) creates a gap between the high and 
low [αFee  sequences in the [αFee  vs. [eeF]  diagram.  
 
The star formation history in the solar neighbourhood can be empirically deduced by matching the observed 
distribution on the [αFee  vs. [eeF]  diagram with a prediction from an assumed star formation history using the 
stellar evolution library. Such an approach8 reveals two phases of star formation separated by a sedation period 
about 7 Gyr ago in agreement with the prediction of the cold-flow model. 
 
Recent large-scale surveys of individual stars such as GAIA-ESO17, APOGEE18, ]ARPS19 extend the stellar 
abundance study to a sizable fraction of MW, reaching more than 10 kpc from the Sun. Interestingly, the 
prediction of the present cold-flow model can be compared with the observations for such a large-scale region 
of the galactic disk. eigure 3 shows the distribution of stars in the [αFee  vs. [eeF]  diagram for three different 
regions: the inner disk (4 kpc < R < 7 kpc), the solar neighborhood (7 kpc < R < 9 kpc) and the outer disk (11 
kpc < R < 13 kpc).  
 
Figure 3. Spatial variation in the [α/Fe] vs. [Fe/H] diagram. 
The distribution of stars for three different regions of the disk in the cold-flow model is shown. The number of 
stars decreases as we go outward. The blue and red diamonds in each panel respectively indicate the approximate 
location of the peak of the high and low [αFee  sequences observed by APOGEE for the corresponding region.2  
 The low [αFee  sequence increases its dominance over the high [αFee  one as we go outward because the second-
phase accretion becomes more dominant compared with the first one (extended data, eig.4). The high [αFee  
sequence almost disappears in the outer disk. It is also noted that [αFee  of the low [αFee  sequence increases, 
whereas its [eeF]  decreases as the galactocentric radius increases. This is because the outer disk is still in a 
younger phase of chemical evolution at present, making stars actively from a plentiful supply of ISM, so that 
the gas is not heavily polluted by iron yet. These trends are in broad agreement with the observation, though the 
observed [αFee  of the low [αFee  sequence shows no significant variation with radius.2  
 
Thanks to recent advances in observational techniques, the galaxies in the Local Group and other nearby 
galaxies are becoming feasible targets for studying their star formation history by examining the color-
magnitude diagram of their member stars. Because these nearby spiral galaxies span a wide range in mass and 
the cold-flow theory predicts different evolutions depending on the galaxy mass, such a nearfield “archaeology” 
provides powerful diagnostics for the theory.  
 
M31, the largest galaxy in the Local Group, seems to have experienced two episodes of star formation separated 
by a break ~6 Gyr ago.20 M33 and NGC300, which are several times less massive than MW, show a signature 
of inside-out formation and the star formation history seems monotonous at various places in each galaxy.21,22 
The cold-flow theory predicts that the quiescent period between the two star formation phases becomes longer 
for more massive galaxies, and an increasing number of stars are formed in the first phase. Interestingly, the 
break observed in M31 seems to be more prominent than the one inferred for MW. ]owever, the relative 
dominance of the first- and second- generation stars appears to be independent on the radius, unlike in MW. 
According to the cold-flow model, MW has approximately the minimum mass for which a clear star formation 
gap is expected. Observations of M33 and NGC30021,22 appear to support this prediction though the data still 
include a large uncertainty. It is hoped that future observations with higher sensitivity will clarify how star 
formation history and chemical evolution varies in galaxies with different masses. 
 
Methods 
 
The disk galaxy evolution model incorporating Type Ia supernovae 
 
The MW model used in the present analysis was obtained by the code that divides a disk galaxy into a series of 
concentric annuli and calculates the time evolution of masses of gas and stars in each annulus under the specified 
gas accretion history and star formation law.13 The original code treats the chemical enrichment of the interstellar 
gas attributed only to Type II SNe. eor the present analysis, chemical enrichment due to Type Ia SNe is added. 
Specifically, α-elements of 3.177 M⊙ and iron of 0.094 M⊙ are added to the cold gas for one Type II SN. One 
Type Ia SN is assumed to return 1.38 M⊙ of material to the cold gas, of which α-elements and iron occupy 
0.438 M⊙ and 0.74 M⊙, respectively.23 Type II SNe are assumed to explode instantaneously after the birth of 
progenitor stars. Type Ia SNe take a certain period after stellar birth before they explode. An observationally 
estimated delayed time distribution (DTD)5 is introduced so that the rate for Type Ia SNe is given by 
DTD(𝑡) = 1 ×  10−3 SN Gyr−1 𝑀⊙
−1 (
𝑡
Gyr
)−1.1 
, where t denotes the time that elapsed since the progenitor formed. Considering the uncertainty in binary stellar 
evolution24, we assume that DTD = 0 for 𝑡 <  0.3 Gyr.  The Type II SN feedback efficiency is taken to be 𝜀 =
0.15 instead of the original value 0.05 to match the model with MW, but this change does not influence the 
main conclusion of the present work. All other model parameters are the same as those adopted in Noguchi 
(2018). 
Data availability The data that support the findings of this study are available from the corresponding author 
upon reasonable request. 
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EXTENDED DATA 
 
This is an extension of the Letter to Nature, aimed at providing further details, in support 
of the results reported in the main body of the Letter. 
 
 
Extended Data Figure 4. Time evolution of three different zones in the galactic disk of the cold-flow model. 
These are the same diagrams as those in the upper and middle panels of eig.1. In this figure, the maximum value of 
the accretion rate is normalized to unity in each panel for illustrative purpose. The star formation rate and Type Ia SN 
rate are scaled correspondingly. erom left to right, time evolution in the inner disk, solar neighborhood, and outer 
disk is indicated. The dominance of the second accretion and associated star formation is noted to increase with the 
distance from the galactic center. On account of different timescales for enrichment, [α/Fe] decreases with time in 
all zones. Its value at the present epoch is higher at the outer radii as the star formation activity is in earlier phase 
owing to more efficient supply of cold gas, and the enrichment of α-elements is relatively more dominant than the 
retarded enrichment of iron by Type Ia SNe. [eeF]  is also lower.
 
